2 MARCH 2007 VOL 315 SCIENCE www.sciencemag.org 1226 PERSPECTIVES C hance or cleverness sometimes brings together two exciting research areas that otherwise would proceed along separate paths. In the world of optics, for example, researchers have been studying negative refraction, a phenomenon that allows "perfect" optical lenses (1, 2) that can focus light beams to extremely fine points. Condensed matter physicists, on the other hand, are unraveling the unusual properties of graphene, a material that consists of single sheets of carbon atoms (3) . Now, a report by Cheianov et al. on page 1252 of this issue (4) combines these two areas in a potentially fruitful way. On the basis of theoretical results, the authors claim that the electron equivalent of negative refraction can be achieved in a monolayer of graphite (graphene) and exploited to focus electrons with high precision.
In graphite, carbon atoms are arranged as sheets comprising planar hexagons, each atom connected by three bonds to its neighbors. The bonding between the sheets is relatively weak, however, so that graphite is easily sheared, which is what makes it a good lubricant. Recently, it has been reported that individual sheets of graphene can be isolated (3) and sophisticated experiments can be performed on them.
Graphene is an ideal two-dimensional system, and interest in it is compounded by the unusual nature of its electronic spectrum. The basic concept that physicists use to understand such electron behavior in solids is called the Fermi surface. This is a boundary that separates the unfilled orbitals from the occupied ones and has a structure that depends on the symmetry of the atomic lattice. Metals are conductive because the Fermi surface intersects a set of electronic energy bands (the continuous ranges of allowed energy created when many atoms having discrete energy levels are joined together). That is, the electrons can flow easily among the orbitals. In semiconductors, two energy bands interact with one another and split apart generating an energy gap. The Fermi level lies in this gap, making them insulators, unless the semiconductor is doped or heated so as to fill the conduction band with a few electrons.
However, graphene is neither metal nor semiconductor. A semiconductor can be doped with impurity atoms, creating two different types of materials, p-type or n-type, essentially forming the basis for all semiconductor technology. But the peculiar hexagonal symmetry of graphene, in which the unit cell contains two equivalent carbon atoms, means that symmetry forbids the interaction and bands cross at the Fermi energy without creating a gap. An infinitesimal perturbation will move the Fermi energy into either the upper or the lower band, making the system either a p-type conductor if the Fermi energy is lowered into the valence band or an n-type conductor if it is raised into the conduction band. In fact, the Fermi energy can be moved simply by applying a gate voltage to the graphene layer.
Symmetry has another consequence in the graphene system. If we launch a pulse of electrons into a conventional material such as copper, the maxima and minima of individual wavelets making up the pulse move in the same direction as the pulse. Technically speaking, the group velocity and the wave velocity have the same sign. This statement is also true if we launch electrons into the conduction band of graphene. However, although the valence band is closely related to the conduction band by symmetry, there is a twist: States in the valence band have a group velocity antiparallel to the wave vector. This provides the link with the optical effect of negative refraction, which requires group and waves velocities to be oppositely directed.
In 1968 (1), Veselago investigated the properties of a medium that showed negative refraction of light. Under conditions in which both the magnetic (µ) and electric (ε) responses are negative, he showed that the group and phase velocities point in opposite directions, just as is the case for the valence electrons in the new material. He went on to show that a negative angle of refraction gives rise to focusing of light by a simple slab of the material. The Veselago lens was later shown to have the extraordinary property that the perfection of its focus is limited not by the wavelength, as in a conventional lens, but by the degree of perfection in its manufacture (2). The lens is sometimes referred to as a "perfect lens." Several experiments have now demonstrated that the lens is capable of subwavelength resolution (5, 6) .
In their report, Cheianov et al. examine a pn junction in graphene. These kinds of structures are among the most basic electronic devices and are usually made with semiconductor materials. Such a junction could be made by two almost-touching metal plates above a graphene sheet, one biasing the samThe peculiar properties of graphene, which is neither semiconductor nor metal, may allow its electrons to be focused like light.
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The author is at the Blackett Laboratory, Imperial College London, London SW7 2AZ, UK. E-mail: j.pendry@imperial. ac.uk (n-type) , the other to a negative voltage (p-type). A point source of electron current in the n-type half (see the figure) radiates electrons to the interface, where they are negatively refracted into the p-type medium and brought to a focus, just as light is focused in Veselago's lens.
The analogy with Veselago's lens is not complete: His lens matched both the refractive index and the impedance of the two media, and as a result the interface between them was perfectly transmitting. This perfect transmission also led to the property of a perfect focus. The pn interface in the new graphene lens is perfectly transmitting only when electrons strike the surface exactly at a perpendicular angle, but otherwise not so. As a result, the graphene lens does not show subwavelength resolution. In fact, it is a requirement that the pn junction be as sharp as possible because the resolution of the lens is related to the diffuseness of this interface. However, because electron wavelengths are generally very small, subwavelength resolution is less of an issue than it is for photons.
This remarkable theoretical result now stands as a challenge to experimentalists. We know that graphene can be prepared in a rather perfect form, but can a sharp, straight pn junction be prepared and its imaging demonstrated? (1) indicates that the social network of host organisms is a key determinant of how parasite infectivity evolves. This implies that as the world become more connected and human populations more mixed, more dangerous parasites could be selected for.
The study was motivated by theoretical work predicting that parasite infectivity should decrease when host (and parasite) movement is restricted. Under these conditions, the theory predicts that infected hosts soon become surrounded by other infected hosts, described as "self-shading" (2) . Once this happens, infected hosts rarely encounter susceptible hosts, so the average rate at which current infections lead to new infections (transmission) dramatically decreases. A mutant parasite that is intrinsically less infectious is predicted to cause less self-shading, thereby increasing the average contact rate between infected and susceptible hosts. The mutant parasite would therefore spread throughout the whole host population more efficiently than a highly infectious parasite, despite having reduced short-term and localized transmission. This contrasts with conditions in which host and parasites can freely mingle. In this case, the theory predicts that parasites are much less likely to be surrounded by hosts that they have already infected, and the most infectious parasites will spread more rapidly both locally and throughout the whole host population.
Boots and Mealor put this theory to the test by studying the real-time evolution of a parasitic virus that infects, primarily through cannibalism, caterpillars (see the figure) . The authors manipulated the social network of the caterpillars by allowing them to live in their own food (a wholesome blend of organic cereal, yeast, glycerol, and honey). The unadulterated food had a thin consistency, allowing caterpillars to interact with each other throughout the food box. By adding water to the food, a thicker texture was created that greatly limited caterpillar movement, resulting in caterpillar clusters. Both uninfected and parasite-infected caterpillars were added to the different food boxes. After 40 weeks, the authors extracted virus from the current crop of caterpillars and measured infectivity by treating uninfected caterpillars with the harvested pathogen. The results are entirely consistent with theory: Virus in the denser food that restricted caterpillar movement evolved to be approximately one-third as infectious as viruses harvested from caterpillars in the less viscous food source.
Despite the quirkiness of the experimental system, these results are likely to have very broad applicability. The behavior of less infectious viruses in the more viscous food source can be viewed as "prudence." That is, viruses are trading off short-term competitiveness with the long-term productivity (3). Such a strategy works when movement is limited because prudent viruses reap their own reward by creating an environment with more available hosts. If movement is unrestricted, everyone will gain equally from the behavior of prudent individuals, in which case prudence versus imprudence carries a short-term cost, but no long-term benefit.
The importance of restricted movement for the evolution of prudent parasites was recaptured in another recent Studies of virus evolution within caterpillars and bacteria show that greater host mobility is associated with the emergence of more infective parasites.
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Prudent parasites. By studying a virus that infects the larva of the moth Plodia interpunctella, Boots and Mealor (1) determine that parasites evolve to more infectious forms when their hosts are more mobile and disperse within a population. Less infectious, more "prudent" parasites result when potential host movement is restricted within a population.
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